Positron-emission tomography (PET) is a useful tool in oncology. The aim of this study was to assess the metabolic activity of gliomas using 11 C-methionine (MET), [ 18 F] fluorodeoxyglucose (FDG), and 11 C-choline (CHO) PET and to explore the correlation between the metabolic activity and histopathologic features.
P
ositron-emission tomography (PET) can provide valuable metabolic information and is used for grading and characterizing brain tumors, evaluating treatment response, and predicting prognosis. In brain tumors, the 2 most widely used tracers are [ 18 F] fluorodeoxyglucose (FDG) and 11 C-methionine (MET). In previous reports, a relationship was found between FDG uptake and glioma grade and between MET uptake and glioma grade. [1] [2] [3] [4] [5] [6] [7] [8] FDG allows detection of the increased glucose uptake characteristic of malignant cells, so FDG PET has previously been used successfully in oncology. Recent studies of other organ systems have demonstrated a close correlation with FDG uptake and the proliferative activity of tumors. [9] [10] [11] [12] Due to the high-glucose metabolism in normal brain tissue, however, FDG may not be the ideal tracer for detection of gliomas. MET is more appropriate to image the size and spread of gliomas, even without enhancement on contrast-enhanced MR imaging, because MET PET has the advantage of showing selective uptake in the brain tumor compared with normal brain tissue. More recently, 11 C-choline (CHO) was introduced as another novel agent to evaluate different aspects of tumors. [13] [14] [15] [16] In both low-grade and high-grade oligodendrogliomas (ODs) increased vascular attenuation was seen, in contrast to astrocytic tumors (ATs), for which microvascular proliferation was seen in only high-grade tumors. 17, 18 Using conventional modalities, there are no specific neuroradiologic features that can differentiate between ATs and oligodendroglial tumors (OTs); however, clinical management of OTs differs from other gliomas due to the specific chemotherapeutic sensitivities of OTs. 19, 20 We hypothesized that a multitracer investigation that examined pretreatment tumor uptake compared with normal brain would provide valuable information about glioma grade and type; therefore, we studied metabolic activity by using MET, FDG, and CHO PET and compared them with tumor pathology. In addition, we compared the ease with which tumors could be visually evaluated in each system and investigated each tumor's proliferation index, comparing this with the metabolic activity as measured with PET.
Materials and Methods

Patients
From January 1, 2002, through June 30, 2006, we examined the metabolic activity of primary gliomas in 95 patients at the Chubu Medical Center for Prolonged Traumatic Brain Dysfunction, Kizawa Memorial Hospital, in this retrospective study. All of the patients gave written informed consent, and the protocol was approved by the research committee of Kizawa Memorial Hospital Foundation.
PET examinations performed in patients with brain stem gliomas and World Health Organization (WHO) grade I tumors were excluded. We also excluded stereotactic biopsy cases, because histology was occasionally insufficient for definitive tumor grading. All of the patients underwent open surgical procedures within 4 weeks after PET scanning. Presurgical radiologic evaluation was performed with MET PET, FDG PET, CHO PET, and contrast-enhanced MR imaging in all of the patients. We included cases of "the hottest lesion" demonstrated preoperatively on each PET that were resectable. Tumors were classified according to their histologic diagnosis by using the WHO classification. Fifty-four tumors were ATs, 22 were OTs, and 19 were mixed oligoastrocytic tumors (OATs), and all of the tumors were located supratentorially. A summary of these data is shown in Table 1 .
PET Scan Procedure
The PET study was carried out according to the standardized procedure used in our institution. The PET scanner was an ADVANCE NXi Imaging System (General Electric Yokokawa Medical System, Hinoshi, Tokyo, Japan), which provides 35 transaxial images at 4.25-mm intervals. The in-plane spatial resolution (full width at half maximum) was 4.8 mm, and the scan mode was the standard 2D mode. Before the emission scan was performed, a 3-minute transmission scan was performed to correct photon attenuation with a ring source containing 68 Ge. Patients fasted for at least 4 hours before PET studies. A venous cannula was inserted in the forearm for injection of the radiopharmaceuticals. From this cannula, a blood sample was also drawn to measure the serum glucose level, and blood glucose levels were corrected if necessary. A dose of 7.0 MBq/kg of MET, 5.0 MBq/kg of FDG, or 7.0 MBq/kg of CHO was injected intravenously, depending on the examination. The emission scan was acquired as follows: 1) for 30 minutes, beginning 5 minutes after MET injection; 2) for 7 minutes, beginning 35 minutes after FDG injection; and 3) for 7 minutes, beginning 2 minutes after CHO injection. During PET data acquisition, head motion was continuously monitored by using laser beams projected onto ink markers drawn over the forehead skin and corrected manually, as necessary. The images were reconstructed by using the ordered-subsets expectation maximization algorithm.
MR Imaging Procedure
MR imaging was performed on a 1.5T system (Signa; GE Medical Systems, Milwaukee, Wis). T1-weighted images, T2-weighted images, and fluid-attenuated inversion recovery (FLAIR) images were acquired using our standard protocol. For coregistration of metabolic and anatomic data, 3D spoiled gradient-echo images were also acquired after administration of 0.2 mL/kg of gadopentetate dimeglumine (Gd-DTPA, Magnevist; Nihon Shering, Osaka, Japan) by using following parameters: no gap; 1.0-mm thickness; TR/TE ϭ 20.0/1.6 ms; flip angle ϭ 15°; NEX ϭ 1; and axial views. Tumor volume was measured using the Gd-DTPA enhanced area. When enhancement was absent, we referred to the FLAIR image.
Gd-DTPA enhancement was classified as follows: none, no enhancement; weak, partial or slight enhancement; or strong, obvious enhancement throughout the tumor.
Data Analysis
Tracer accumulation in the regions of interest (ROIs) was analyzed as the standardized uptake value (SUV), which is the activity concentration in the ROI at a fixed time point divided by the injected dose normalized to the patient's measured weight. The MET, FDG, and CHO SUV tumor/normal brain uptake ratios (T/N ratios) were calculated by dividing the maximum SUV for the tumor by the mean SUV of contralateral normal frontal cortex. The tumor SUVs were selected as the highest accumulation, and the reference ROIs were drawn in 3 circular ROIs with a diameter of 10 mm on each of the 3 axial planes. Coregistration of PET and MR imaging was undertaken in all of the cases with the Dr View, an image analysis software package (AJS, Tokyo, Japan), by using a method described by Kapouleas et al. 21 If increased accumulation was absent or not clear, an ROI was selected in consultation with the fusion image. We used the T/N ratio instead of absolute SUV because of the high, unexplained intersubject variability of SUV. We used tumor maximum SUV instead of tumor mean SUV to minimize the effect of tumor heterogeneity. In each tracer we defined the T/N ratios more than 2.0 as hot lesions and carried out analysis of what percentage took in all of the cases to evaluate visual ease for tumor detection.
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Statistical Analysis
Data are presented as means Ϯ SDs. To compare the T/N ratios between histologic grade and type, statistical analyses were performed using analysis of variance and a Tukey post hoc test. Analyses of covariance (ANCOVAs) were used to determine whether tumor-related factors (grade, type, Gd-DTPA enhancement, and tumor size) influenced each tracer uptake. To compare the percentage of the hot lesions among 3 tracers, statistical analyses were performed using 2 test with Bonferroni correction. To determine whether tracer accumulations were related to each other and/or to proliferation activity, Spearman correlation coefficients were calculated. P values less than .05 were considered statistically significant.
Results
Semiquantitative Analysis of PET Studies
The mean SUVs of the contralateral normal frontal cortex of MET, FDG, and CHO were 1.25 Ϯ 0.39, 6.48 Ϯ 1.51, and 0.29 Ϯ 0.07, respectively. In ATs, MET T/N ratios of diffuse astrocytoma (DA), anaplastic astrocytoma (AA), and glioblastoma multiforme (GBM) were 2.24 Ϯ 0.90, 3.03 Ϯ 1.02, and 5.03 Ϯ 1.65, respectively. There was a significant difference between these ratios among the different grades of ATs (DA/ GBM: P Ͻ .001; AA/GBM: P Ͻ .001). In OTs and OAs, MET T/N ratios of OD, anaplastic oligodendroglioma (AOD), oligoastrocytoma (OA), and anaplastic oligoastrocytoma (AOA) were 3.95 Ϯ 1.60, 4.46 Ϯ 1.55, 2.60 Ϯ 0.91, and 2.83 Ϯ 0.99, respectively. There were no significant differences between the ratios of OD and AOD or between those of OA and AOA (Fig  1) . In ATs, FDG T/N ratios of DA, AA, and GBM were 0.79 Ϯ 0.08, 1.27 Ϯ 0.46, and 1.88 Ϯ 0.78, respectively. Significant differences were present between the different grades of ATs (DA/GBM: P Ͻ .001; AA/GBM: P Ͻ .05). However, no significant differences were seen between FDG T/N ratio of OTs and that of OATs (OD: 1.03 Ϯ 0.40; AOD: 1.71 Ϯ 1.09; OA: 1.00 Ϯ 0.45; AOA: 0.85 Ϯ 0.15; Fig 1) .
In ATs, CHO T/N ratios of DA, AA, and GBM were 2.69 Ϯ 2.04, 4.76 Ϯ 3.04, and 18.35 Ϯ 6.73, respectively. Significant differences were present between the different grades of ATs (DA/GBM: P Ͻ .001; AA/GBM: P Ͻ .001). In OTs, significantly different CHO T/N ratios were observed between OD and AOD (3.46 Ϯ 2.52 and 12.71 Ϯ 12.21, respectively; P Ͻ .05). In OAs, CHO T/N ratios of OA and AOA were not significantly different (3.78 Ϯ 3.36 and 3.02 Ϯ 1.74, respectively; Fig 1) .
In grade II gliomas, the MET T/N ratio of OD was the highest, and there was a significant difference between the DA and OD (P Ͻ .05); however, no significant differences were seen on FDG or CHO PET between these 2 tumors. In grade III gliomas, MET and CHO T/N ratios of AOD were the highest, and significant differences were shown between AA and AOD (MET: P Ͻ .05; CHO: P Ͻ .01) and between AOA and AOD (CHO: P Ͻ .05). However, a significant difference was not observed on FDG PET (Table 2 and Fig 1) . Representative cases are shown in Fig 2. Tumor size did not reach statistical significance in each glioma. Tumor size did not appear to affect each tracer uptake by ANCOVAs. Grade influenced all of the tracers, and tumor type influenced MET uptake only. The degree of Gd-DTPA enhancement influenced MET and CHO uptake (Table 3) . 
Visual Evaluation for Tumor Localization
The T/N ratio of MET was more than 2.0 in 75.7% of grade II, 91.9% of grade III, 100% of grade IV, and 87.4% of all of the gliomas. The T/N ratio of CHO was more than 2.0 in 48.6% of grade II, 78.4% of grade III, 100% of grade IV, and 71.6% of all of the gliomas. The T/N ratio of FDG was more than 2.0 in 2.7% of grade II, 16.2% of grade III, 28.6% of grade IV, and 13.7% of all gliomas (Table 4 ). In all of the gliomas, the percentage of hot lesions was the highest on MET PET, and there were significant differences in the percentage of hot lesions among 3 tracers (MET/FDG and CHO/FDG: P Ͻ .001; MET/ CHO: P Ͻ .01).
Correlation Among 3 Tracer Accumulations
In all of the gliomas, significant correlations among the T/N ratios of MET, FDG, and CHO were shown (Fig 3) . Significant correlations were also shown between ATs and OTs (ATs: MET/FDG: r ϭ 0.68, MET/CHO: r ϭ 0.83, FDG/ CHO: r ϭ 0.67; OTs: MET/FDG: r ϭ 0.66, MET/CHO: r ϭ 0.81, FDG/CHO: r ϭ 0.81; P Ͻ .001 for each). In OATs, significant correlations were observed between FDG and CHO (r ϭ 0.67; P Ͻ .005) and between MET and FDG (r ϭ 0.58; P Ͻ .01) but not between MET and CHO (r ϭ 0.40; P ϭ .09). 
Correlation between Tracer Accumulation and Proliferation Activity
We evaluated the proliferation activity measured by Mib-1 LI from 70 gliomas. The relationship between tracer uptake and proliferation activity is shown in Table 5 . The mean Mib-1 LIs of 13 DAs, 14 AAs, 7 GBMs, 8 ODs, 9 AODs, 14 OAs, and 5 AOAs were 4.6% Ϯ 2.1%, 14.8% Ϯ 9.9%, 31.6% Ϯ 20.2%, 5.5% Ϯ 4.5%, 17.5% Ϯ 16.6%, 7.9% Ϯ 5.7%, and 16.1% Ϯ 11.1%, respectively. In ATs, there were significant correlations between the T/N ratios of each tracer and the Mib-1 LI (P Ͻ .001 for each; Fig 4) . However, for OTs and OATs, a significant correlation was not shown in all of the tracers.
Discussion
To our knowledge, this is the first clinical study to evaluate the grade, type, and proliferation index of a series of gliomas while simultaneously assessing tumor presence by using 3 PET tracers. Previously, Kim et al 6 reported that significant differences in glioma grades could be shown on MET PET, not on FDG PET, and that Mib-1 LI was significantly correlated with only MET uptake. Other reports have shown significant correlation between glioma grade and FDG uptake. 1, 4, 7, 8 In our series, in the case of ATs, all of the tracers demonstrated significant positive correlations between their uptake on PET imaging and tumor grade. In addition, all 3 of the tracers demonstrated significantly positive correlations between their uptake and biologic proliferation activity as determined by Mib-1 LI. However, in neither OTs nor OATs did the uptake on PET imaging show any significant relation to grade and proliferation activity, excluding the correlation between CHO uptake and tumor grade in OTs. The T/N ratios of MET, FDG, and CHO were significantly correlated to each other in all of the gliomas except for MET and CHO in OATs. On MET PET, there was a significant difference between ATs and OTs, both in grade II and III tumors. Additionally, by ANCOVA, MET influenced both grade and type. These results show that MET has the potential to evaluate tumor grade and type and, for ATs, biologic proliferation activity.
MET and CHO are tracers that are relatively easy to use for evaluating the presence or absence of tumor on PET images compared with FDG. 22 A T/N ratio more than 2.0 means that the tumor SUV is clearly higher than that of the normal frontal cortex; therefore, the tumor is more easily visualized when the T/N ratio increases beyond 2.0. The T/N ratio of FDG was more than 2.0 in 13.7% of all gliomas. Conversely, the percentages of MET and CHO T/N ratios greater than 2.0 were 87.4% and 71.6%, respectively, in all of the gliomas, and the percentage of MET hot lesions was significantly higher than that of CHO hot lesions. These results demonstrate the significant difficulty in evaluating tumor presence on FDG PET compared with MET and CHO PET. The mean SUVs of MET and CHO in the normal frontal cortex were 1.25 Ϯ 0.39 and 0.29 Ϯ 0.07, respectively, in this study. Thus, the accumulation of CHO in normal brain was much lower than that of MET. However, CHO demonstrates extremely high uptake in choroid plexus, venous sinuses, and the pituitary gland, and it is difficult to recognize the existence and/or the border of brain tumor around these structures. Conversely, except for the pituitary gland, MET demonstrates slight uptake in normal brain tissue. Given these results, MET appears to be superior to CHO for evaluating tumor presence on PET.
Utriainen et al 16 investigated the association between choline accumulation and content by using 2 modalities. The association between CHO uptake measured with PET, and concentration of choline containing component measured with 1 H-MR spectroscopy was not statistically significant. They described that it is uncertain whether the association should be expected, because the choline-containing component measured with 1 H-MR spectroscopy represents intracellular metabolite pools of phosphocholine and glycerophosphocholine, whereas the rate of CHO uptake is thought to be controlled by amino acid transporter expression and attenuation in tumor endothelial cells. It is possible that there was a lack of significance in this study due to small sample size; thus, large studies using 1 H-MR spectroscopy and CHO PET will be necessary in the future.
Generally, OTs are reported to show significantly higher uptake of MET on PET compared with ATs. This study demonstrated results similar to previous reports. 4, 23 It should be noted that the OT component can increase MET uptake of gliomas at the time of PET examination. The mean Mib-1 LI of OTs and OATs showed a general trend toward a higher proliferation index than that of ATs, even for tumors of the same grade. This finding, however, is not necessarily the only reason why the OT component leads to increased MET uptake on PET. There was no significant difference between the mean T/N ratios of tumors on MET PET between grade II and III OTs and OATs, unlike ATs, yet there was a significant difference of the mean Mib-1 LI between grades II and III OTs and OATs, similar to results seen in ATs.
Regarding the difference of MET uptake between ATs and OTs/OATs, vascular proliferation and angiogenesis of the tumor should be taken into consideration. The main mechanism of MET uptake is due to an increase of MET transport into the tumor. In gliomas, MET uptake may be attributed to the activation of the carrier-mediated transport system at the normal blood-brain barrier. This uptake does not directly reflect protein synthesis, but it represents cell avidity for amino acids. 2, 24 This system may correlate with tissue proliferation, which also includes tumor angiogenesis. Plate et al 25 reported that tumors can influence the growth of their vasculature and, therefore, can regulate their increased nutrient supply, including amino acids. It has been demonstrated that expression of angiogenesis signals is an early event in glioma progression, as demonstrated by the expression of vascular endothelial growth factor (VEGF) and VEGF type 1 receptors in low-grade gliomas. [25] [26] [27] The angiogenic process initiated by the VEGF system induces an increase in carrier-mediated large amino acid transport, and the VEGF system represents the link between increased MET uptake and low-grade tumor progression. 5 In this study, the MET uptake ratio of OTs was significantly higher than the ratio of ATs of the same grade. This finding may be correlated with the microvessel attenuation of the tumor. As measured by immunostaining with factor VIII, OTs demonstrate high microvessel counts and high MET uptake comparable with malignant astrocytomas. 28 This may be one of the reasons why MET uptake of OTs is higher than that of ATs, regardless of grade.
Other authors have reported MET T/N ratio of GBMs as ranging from 2.2 to 2.5, whereas a mean SUV of normal cortex was 1.05 Ϯ 0.46. [4] [5] [6] 29, 30 Hara et al 31 reported that the CHO T/N ratio of 7 cases of GBM was 11.2 Ϯ 2.28, and mean SUV of normal posterior temporal cortex was 0.10 Ϯ 0.02. In this article, both T/N ratios of the tumors and mean SUVs of normal cortex were higher than those of previous reports, most probably due to protocol differences.
Currently, PET-guided stereotactic brain biopsy may allow analysis of a potential correlation of metabolism with histology and confirmation of the correlation between PET tracer uptake and tumor grade. In addition, MET PET provides useful information to assess tumor spread and to plan for surgical resection and radiosurgery. 30, [32] [33] [34] The limitation of this study was a lack of long-term follow-up to calculate survival rate, particularly for the cases of grade II gliomas. In addition, due to the short half-life of 11 C-labeled tracers, such a study necessitates the availability of an on-site cyclotron and radiopharmacy. We consider that these PET studies contribute to presurgical planning and aid in evaluating the need for post-surgical adjuvant chemoradiotherapy in therapeutic strategies for glioma.
Conclusions
MET PET appears to be useful in evaluating grade, type, and proliferative activity of ATs. CHO PET may be useful in evaluating the potential malignancy of OTs. In terms of visual evaluation of tumor localization, MET PET is superior to FDG and CHO PET in all of the gliomas due to its straightforward detection of hot lesions. These PET studies can potentially estimate tumor viability and may be able to predict tumors with the potential for malignancy. Future studies ought to investigate the metabolic change in long-term follow-up.
